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ϩ uptake by three-fold and twofold, respectively. The cAMP-dependent stimulation of Na ϩ uptake was probably unrelated to protein trafficking via microtubules because pretreatment with 200 M colchicine or 30 M nocodazole did not attenuate the magnitude of the response. Na ϩ uptake was stimulated markedly following acute (2 h) exposure to acidic water. The acid-induced increase in Na ϩ uptake was accompanied by a twofold elevation in whole body cAMP levels and attenuated by inhibiting PKA with 10 M H-89. Knockdown of Na ϩ -H ϩ exchanger 3b (NHE3b) attenuated, but did not abolish, the stimulation of Na ϩ uptake during forskolin treatment. In glial cell missing 2 morphants, in which the role of NHE3b in Na ϩ uptake is diminished and the Na ϩ -Cl Ϫ cotransporter (NCC) becomes the predominant route of Na ϩ entry, forskolin treatment continued to increase Na ϩ uptake. These data suggest that at least NHE3b and NCC are targeted by cAMP in zebrafish larvae. Staining of larvae with fluorescent forskolin and propranolol revealed the presence of transmembrane adenylyl cyclase within multiple subtypes of ionocytes expressing ␤-adrenergic receptors. Taken together, results of the present study demonstrate that cAMP-mediated intracellular signaling may regulate multiple Na ϩ transporters and plays an important role in regulating Na ϩ uptake in zebrafish larvae during acute exposure to an acidic environment.
␤-adrenergic receptor; adenylyl cyclase; H ϩ -ATPase-rich cell; low pH; protein kinase A MAINTAINING BODY FLUID ELECTROLYTE balance is crucial for the survival of most vertebrates. Because fish living in freshwater (FW) suffer from the constant passive loss of ions by diffusion, they must actively absorb the major ions (Na ϩ , Cl Ϫ and Ca 2ϩ ) from the environment. The molecular mechanisms for the absorption of these ions have been intensely investigated (for reviews, see Refs. 12, 20 -23, and 31). The results of these studies revealed significant roles for several hormones in regulating ionic uptake, including cortisol (11, 14, 27, 29, 33, 35) , prolactin (5, 6, 47, 49) , isotocin (10) , stanniocalcin (63) , vitamin D (34), ANG II (19) and endothelin (24) , as well as neuroendocrine factors (e.g., catecholamines) (25, 39, 46, 64) .
A series of recent studies (28 -30, 32) demonstrated that in both larval and adult zebrafish, Na ϩ uptake is significantly elevated following exposure to extremely acidic (pH 4) water. In larvae, the stimulation of Na ϩ uptake in acidic water largely reflects activation of Na ϩ /H ϩ exchange (NHE3b) (71) that is functionally linked to ammonia excretion via Rhcg1, an apically expressed ammonia channel (4, 30, 41, 51 ; for review, see Refs. 69 and 70) . These effects are mediated, at least in part, by cortisol (acting via glucocorticoid receptors) (29) and catecholamines (acting via ␤-adrenergic receptors) (32) . Although the mode of action of cortisol in stimulating Na ϩ uptake in acidic water was recently investigated (29) , the specific downstream signaling pathways activated by catecholamines have not been identified.
Stimulation of ␤-adrenergic receptors, like other G proteincoupled receptors (GPCR) activates transmembrane adenylyl cyclase (tmAC), which initiates downstream signaling pathways mediated by 3=,5=-cyclic adenosine monophosphate (cAMP) (for review, see Ref. 48) . Discovered almost 60 years ago (54) , cAMP is known to act as an important second messenger in virtually all physiological systems (2) . In mammalian tissues, cAMP inhibits Na ϩ -H ϩ exchanger 3 activity through interaction with Na ϩ -H ϩ -exchanger regulatory factor 1 (NHERF1) (1, 17, 66, 67) . cAMP can also be formed via activation of soluble adenylyl cyclase (sAC or AC10) (8) . Unlike other isoforms of AC, which are transmembrane proteins, sAC is distributed in the cytosol and activated by a rise in [HCO 3 Ϫ ] (8). The activation of sAC rapidly induces the apical accumulation of H ϩ -ATPase in epididymis clear cells (42, 43) and A-type intercalated cells in renal collecting duct (44, 45) . In dogfish (Squalus acanthias) gill ionocytes, sACderived cAMP also evokes the translocation of H ϩ -ATPase, although in this case, the direction of movement is toward the basolateral membrane (60) . Additionally, sAC contributes to the regulation of intestinal Na ϩ and Cl Ϫ reabsorption in the marine teleost, Opsanus beta (58) . The results of these studies clearly implicate cAMP (derived either from tmAC or sAC) as an important intracellular signal promoting body fluid electrolyte homeostasis across vertebrate taxa. However, surprisingly little is known about the cAMP-mediated regulation of ion, especially Na ϩ , uptake in FW fish. On the basis of the role of ␤-adrenergic receptor activation in regulating Na ϩ uptake in acid-exposed zebrafish larvae and the extensive involvement of cAMP (a product of ␤-adrenergic receptor activation) as a regulator of transepithelial ion (and acid/base) transport, the present study was designed to assess the potential for cAMP to modulate Na ϩ uptake in zebrafish larvae. The specific objectives were to 1) directly demonstrate that cAMP is capable of stimulating Na ϩ uptake, 2) identify the Na ϩ transporters being regulated by cAMP, and 3) implicate cAMP in acutely inducing Na ϩ uptake during acid exposure.
MATERIALS AND METHODS
Experimental animals and water preparation. Adult zebrafish (Danio rerio Hamilton-Buchanan 1822) were purchased from Big Al's Aquarium Services (Ottawa, ON, Canada) and kept in the University of Ottawa Aquatic Care Facility, where they were maintained in plastic tanks supplied with aerated, dechlorinated City of Ottawa tap water [the ionic composition of the water was (in mM) 0.78 Na ϩ , 0.4 Cl Ϫ , 0.25 Ca 2ϩ , 0.025 K ϩ , pH 7.0] at 28°C. Fish were subjected to a constant 14:10-h light-dark photoperiod and fed daily until satiation with no. 1 crumble-Zeigler (Aquatic Habitats, Apopka, FL). Embryos were collected and reared in 50-ml Petri dishes with dechlorinated City of Ottawa tap water (pH 7.3-7.5) supplemented with 0.05% methylene blue. The petri dishes were kept in incubators set at 28.5°C. Dead embryos were removed, and water was changed daily. The experiments were conducted in compliance with guidelines of the Canadian Council of Animal Care and after the approval of the University of Ottawa Animal Care Committee (protocol BL-226).
To determine the effect of cAMP on Na ϩ uptake in developing zebrafish, the following series of experiments were performed. Unless stated otherwise, all chemicals used for the experiments were purchased from Sigma (St. Louis, MO).
Series 1. Consequences of increasing cAMP levels on Na ϩ uptake. cAMP levels in larval zebrafish were elevated by treatment with 1) forskolin, a pan-tmAC activator and 2) 8-bromo cAMP, a membrane-permeable, phosphodiestrase-resistant cAMP analog. Zebrafish larvae were raised in control water until 4 days postfertilization (dpf) and exposed to either forskolin at 0.1, 1, or 10 M or 1 M 8-bromo cAMP (Santa Cruz Biotechnology, Santa Cruz, CA). A forskolin stock solution was prepared in DMSO; the control group was treated with DMSO as a vehicle control. The final concentration of DMSO did not exceed 0.1%. Na ϩ uptake measurements began 5 min after the addition of forskolin or 8-bromo cAMP, in the continued presence of forskolin or cAMP. To measure Na ϩ uptake, 12 larvae were placed in a 2-ml microcentrifuge tube, and 0.25 Ci 22 Na (in the form of NaCl; Perkin Elmer, Woodbridge, ON, Canada) was added to each tube to a final activity of 0.15 Ci/ml. Water samples (50 l) were collected at 5 min and 2 h after the addition of isotope. At the end of the 2-h flux period, larvae were killed by overdose with ethyl 3-aminobenzoate methanesulfonate (MS-222) and briefly washed in isotope-free water containing high levels of Na ϩ (Ͼ200 mM) to displace residual isotope attached to the surface of the fish. The remaining water in the tube was stored separately for later measurement of total [Na ϩ ]. Series 2. Consequences of microtubule disruption on Na ϩ uptake during acute exposure to acidic water. Previous studies demonstrated that activation of electrolyte transporters by cAMP may be associated with microtubule-dependent translocation of target proteins (59, 60) . To test whether the increase in Na ϩ uptake triggered by forskolin treatment also might be associated with physical relocation of target transporters, zebrafish were pretreated with two microtubule disruptors, either colchicine (200 M for 4 h; stock solution prepared in water) (62) (67) ] before further treatment with 10 M forskolin. Na ϩ uptake measurements began 5 min after the addition of these pharmacological agents, as described above.
It was recently demonstrated that zebrafish larvae are able to increase Na ϩ uptake after only brief (2 h) exposure to acidic or ion-poor environments. To test whether microtubule-dependent transporter trafficking is involved in such rapid activation of Na ϩ uptake, larvae were pretreated with colchicine or nocodazole, and then transferred to acidic water [prepared by adding H2SO4 to Ottawa tapwater (pH ϳ 4.0)] for 2 h in the continuing presence of these inhibitors. After the 2-h exposure to acidic water, larvae were transferred to the control water, and Na ϩ uptake was measured as described above. Series 3. Consequences of PKA inhibition during acute exposure to acidic water or forskolin. To determine whether cAMP induces Na ϩ uptake through PKA, and whether such signaling is involved in the induction of Na ϩ uptake during acute challenge, the following experiments were performed. In one experiment, 4 dpf larvae were pretreated for 2 h with two commonly used PKA inhibitors, H-89 (10 M, stock prepared in DMSO; LC Labs, Woburn, MA) or rp-cAMPs (10 M, stock prepared in water; Santa Cruz Biochemicals). Larvae were then treated with 10 M forskolin in the continued presence of either inhibitor. Na ϩ flux measurements began 5 min after the addition of forskolin. To test the involvement of PKA-dependent signaling during acute acid exposure, 4 dpf larvae were similarly pretreated with H-89 or rp-cAMPs before being exposed to acidic water for 2 h (in the continued presence of inhibitors). After the 2-h exposure, larvae were transferred to the control media (in the continued presence of inhibitors), and Na ϩ uptake was measured as described above.
Series 4. Identification of Na
ϩ transporters regulated by cAMP. To test whether NHE3b, a major route for Na ϩ uptake by zebrafish, is regulated by cAMP, we injected a previously validated NHE3b morpholino (30) and assessed the effect of forskolin treatment as described above. Larvae were injected with either control or NHE3b morpholino and raised until 4 dpf in control Ottawa tapwater. They were then treated with 10 M forskolin and their Na ϩ uptake was measured as described in Series 1.
The transcription factor, glial cell missing 2 (gcm2) plays a critical role in the differentiation of H ϩ -ATPase-rich cells (HRCs) and its knockdown prevents HRC formation (7) . The loss of HRCs is accompanied by a compensatory increase in the numbers of Na ϩ -Cl Ϫ cotransporter (NCC; zslc12a10.2)-expressing cells (7, 53, 65) . To test whether NCC is regulated by cAMP, embryos were injected with a morpholino against gcm2 or a control morpholino (29) . The larvae were raised in control water until 3 dpf, and Na ϩ uptake was measured in response to forskolin treatment as described above. In addition, sham-and morpholino-injected larvae were stained with Alexa Fluor 488-conjugated concanavalin A (conA), a lectin that has been used extensively as a marker for HRC in zebrafish larvae, following the previous protocol (29) .
Series 5. Consequences of acute acid exposure on whole body cAMP levels. To demonstrate the effect of acute acid exposure on cAMP metabolism, whole body cAMP content was analyzed using a commercial ELISA kit (Cayman Chemicals). 4 dpf larvae were exposed to acidic water for 3 h or kept in control water. After the treatment, larvae were killed (30 larvae were pooled for n ϭ 1), homogenized in 100 l 0.1 N HCl, and centrifuged at 6,000 g for 10 min at 4°C. Supernatant was collected and further diluted 10-fold using 0.1 N HCl. The diluted extract was stored at Ϫ80°C until analysis and directly used for the ELISA assay, according to the manufacturer's instructions.
Series 6. Vital staining of larvae using fluorescently tagged forskolin or propranolol. To visualize forskolin-binding sites (presumed to be AC) in zebrafish, 4 dpf larvae were vitally stained with BODIPY-forskolin (Invitrogen) at 15 nM for 40 min. Larvae were stained simultaneously with Alexa Fluor 633-conjugated conA to visualize HRCs, as described in Series 4. Subsequently, larvae were killed with MS-222, briefly rinsed with PBS, and observed using a confocal microscope (Olympus FV1000 BX-61 with FluoView software).
It was previously shown that a subset of larval zebrafish ionocytes are enriched with ␤-adrenergic receptors based on their staining with fluorescently tagged propranolol (32) . To demonstrate that these propranolol-positive ionocytes also express forskolin-binding AC, 4 dpf larvae were stained with BODIPY-propranolol and MitoTracker (a pan-ionocyte marker), as described by Kumai et al. (32) , as well as BODIPY-forskolin, as described above. Furthermore, to test the specificity of BODIPY-forskolin, a group of larvae was pretreated with 10 M nonfluorescent forskolin for 10 min before vital staining with propranolol, MitoTracker, and forskolin.
Analytical tools and calculations. To determine Na ϩ uptake, all collected water samples were supplemented with 5 ml of scintillation cocktail (Biosafe-II, RPI, Mt. Prospect, IL), and their radioactivity was measured with a liquid scintillation counter (model LS-6500 Beckman Coulter, Mississauga ON, Canada). After being rinsed in an isotope-free medium, larvae were digested in a tissue solubilizer (Solvable, Perkin Elmer) for 4 h at 65°C. After complete digestion, samples were supplemented with 5 ml of the same scintillation cocktail. Samples were then neutralized by adding 500 l of glacial acetic acid before measuring their radioactivity. The concentration of total Na ϩ in the water was measured using flame emission spectrophotometry (model AA260, Varian, Palo Alto, CA). For Na ϩ uptake experiments in Series 4.1, samples were counted directly using a gamma counter (Wallac 1470 Wizard Gamma Counter, PerkinElmer, Turku, Finland), without tissue digestion/scintillation cocktail. Owing to the limited volume of water, [Na ϩ ] was measured, and hence, external specific activity was determined, only at the end of the flux period. It was assumed that, given the typical [Na ϩ ] of the experimental water (700 -1,000 M), Na ϩ influx rate (less than 1 nmol·fish Ϫ1 ·h Ϫ1 or less) and even smaller expected net flux of Na ϩ (difference between influx and efflux), changes in total [Na ϩ ] during the flux period would be negligible. The rate of Na ϩ uptake (J in Na , pmol·fish Ϫ1 ·h Ϫ1 ) was calculated as follows:
where F is the total incorporated radioactivity (DPM, disintegration per minute), SA is the specific activity of the medium (DPM/pmol), n is the number of larvae (typically 1) and t is the duration of the incubation (h). DPM was calculated by the liquid scintillation counting program after taking quenching and counting efficiency into consideration. Statistical analysis. All statistical analyses were performed with SigmaPlot (v. 11, Systat, Chicago, IL). Student's t-test was used to analyze data from Series 1 (8-bromo cAMP treatment) and Series 5. One-way ANOVA followed by Tukey post hoc test was used to analyze data from Series 1 (forskolin treatment). Two-way ANOVA was used to analyze flux data from Series 2-4. When assumptions of normality or equal variance were violated, data were transformed using natural log-or square-root transformation. For all analyses, the level of statistical significance was set at P Ͻ 0.05.
RESULTS

Series 1. Consequences of increasing [cAMP] levels on Na
ϩ uptake. Acute treatment with forskolin between 0.1 and 10 M significantly elevated Na ϩ uptake in 4 dpf zebrafish larvae maintained in control water ( Fig. 1A ; n ϭ 6 -10; one way ANOVA). Similarly, treatment with 1 M 8-bromo cAMP led to a significant increase in Na ϩ uptake ( Fig. 1B; Fig. 2A ; two-way ANOVA, n ϭ 5 or 6). The pretreatment with colchicine did not affect stimulation of Na ϩ uptake following acute exposure to acidic water ( Fig. 2B ; two-way ANOVA, n ϭ 5-10). Similarly, treatment with nocodazole also did not modify Na ϩ uptake in response to forskolin or acidic water (data not shown).
Series 3. Consequences of PKA inhibition on Na ϩ uptake. Both H-89 and rp-cAMPs treatment significantly attenuated the forskolin-mediated stimulation of Na ϩ uptake, although the inhibition seen with H-89 treatment was more severe (Fig. 3, A and B ; two way ANOVA, n ϭ 5 or 6).
Furthermore, both H-89 ( Fig. 4A ; two-way ANOVA, n ϭ 16 -18) and rp-cAMPs ( Fig. 4B ; two-way ANOVA, n ϭ 5-7) treatments significantly attenuated the stimulation of Na ϩ uptake following exposure to acidic water, although Na ϩ uptake was still significantly elevated following acid exposure, even in the presence of inhibitors.
Series 4. Identification of Na ϩ transporters regulated by cAMP. Knockdown of NHE3b did not affect Na ϩ uptake in larvae raised in control water (Fig. 5) . However, in the forskolin-treated fish, Na ϩ uptake was significantly lower in the NHE3b morphants [although forskolin still induced Na ϩ uptake ( Fig. 5 ; two-way ANOVA, n ϭ 6)].
As reported previously (29) , knockdown of gcm2 led to a significant increase in Na ϩ uptake (Fig. 6, A and B) . Treatment of morphants with 10 M forskolin further increased the uptake of Na ϩ , suggesting that Na ϩ uptake via NCC is being stimulated by forskolin ( Fig. 6C ; two-way ANOVA; n ϭ 11 or 12).
Series 5. Consequences of acute acid exposure on whole body cAMP levels. Whole body cAMP content was significantly increased following 3-h exposure to acidic water ( Fig. 7 ; n ϭ 6 or 7; Student's t-test).
Series 6. Vital staining of larvae using fluorescently tagged forskolin and propranolol. The conA-positive HRCs were also forskolin-positive, whereas forskolin also stained additional 
A B Fig. 1 . Effect of forskolin treatment on Na ϩ uptake. Treatment with 0.1-10 M forskolin increased Na ϩ uptake in zebrafish larvae in a dose-dependent manner (A; n ϭ 6 -10; one-way ANOVA). Treatment with 8-bromo cAMP also increased the uptake of Na ϩ significantly (B; n ϭ 5 or 6; Student's t-test). a,b,c Different letters denote significant differences among the treatment groups. *Significant difference between control and cAMP-treated groups. A number in parentheses indicates sample size for each group. Data are presented as means Ϯ SE.
con-A-negative cells (Fig. 8, A-C) . As expected, most of the forskolin-positive cells also expressed high levels of ␤-adrenergic receptors as visualized using fluorescent propranolol (Fig. 9, A-D) . As previously reported by Kumai et al. (32) and also in agreement with Fig. 8 , most of the forskolin/ propranolol-positive cells also stained with MitoTracker (Fig. 8) . The specificity of forskolin was confirmed as pretreatment with "cold" forskolin greatly reduced staining intensity with BODIPY-forskolin (Fig. 9, E-H) .
DISCUSSION
The present study demonstrates that the rapid increase in Na ϩ uptake following exposure of larval zebrafish to acidic water is caused, at least in part, by cAMP-mediated intracellular signaling. These data expand on the previous observation that in zebrafish, stimulation of Na ϩ uptake is linked to activation of ␤-adrenergic receptors. The current study further reveals that both NHE3b and NCC are a potential regulatory target of cAMP signaling. cAMP stimulates Na ϩ uptake. While the results of previous studies demonstrated a role for cAMP-mediated signaling in stimulating Cl Ϫ secretion in isolated opercular epithelium of SW-acclimated killifish, Fundulus heteroclitus (38) , and decreasing Na ϩ -K ϩ -ATPase activity in gill cells isolated from brown trout, Salmo trutta (55), surprisingly little is known about the role of this universal second messenger in regulating ion fluxes in FW fish in vivo. On the basis of the stimulatory effects of forskolin and 8-bromo cAMP on Na ϩ uptake, the present study clearly demonstrated the potential for cAMP to rapidly regulate Na ϩ balance in zebrafish larvae. Because the activation of Na ϩ uptake during exposure of zebrafish larvae to acidic water is linked to ␤-adrenergic stimulation uptake (32) , these data are consistent with the previously reported stimulatory role of ␤-adrenergic receptor activation (which promotes downstream signaling mediated by cAMP) on Na ϩ uptake. cAMP is synthesized either by tmAC or AC1-9 or by sAC or AC 10. Because sAC is activated by a rise in [HCO 3 Ϫ ], its potential role in body fluid pH and electrolyte regulation has received considerable research interest in many animal and tissue models (16, 42-44, 58, 60) . Surprisingly, despite the 3 . Effect of PKA inhibition on cAMP-dependent Na ϩ uptake stimulation. Pretreatment with two commonly used PKA inhibitors, H-89 (A; n ϭ 5 or 6; two-way ANOVA) and rp-cAMPs (B; n ϭ 5 or 6; two-way ANOVA) both attenuated the rapid stimulation of Na ϩ uptake following treatment with 10 M forskolin. *Significant difference between control and forskolin-treated groups, whereas different letters denote significant differences between control and PKA-inhibitor pretreated groups. A number in parentheses indicates sample size for each group. Data are presented as means Ϯ SE. widespread presence of sAC across phyla, phylogenetic analysis of vertebrate AC isoforms has not yet identified sAC (or a sAC-like isoform) in the zebrafish genome. In addition, treatment of zebrafish larvae with two frequently used sAC inhibitors, KH-7 and 4-catechol estradiol (4-CE) (60) Because the stimulation of Na ϩ uptake after forskolin treatment was apparent within 2 h, it was likely related to, at least initially, activation of existing proteins rather than to increased transcription and protein synthesis. Indeed, mRNA levels of NHE3b, previously implicated in the stimulation of Na ϩ uptake by zebrafish larvae in acidic water (30) did not change after 2-h exposure to acidic water (data not shown). Microtubule disruption using colchicine previously used in larval tilapia Oreochromis mossambicus (61, 62) was employed to determine whether the stimulation of Na ϩ uptake was caused by trafficking of internal proteins toward the apical membrane (59, 60) or the activation of existing apical membrane proteins. Because pretreatment with colchicine did not impede the stimulation of Na ϩ uptake associated with forskolin treatment (Fig.  2A) or acid exposure (Fig. 2B) , it seems unlikely that protein trafficking was involved. The same results (data not shown) were obtained using an alternate MT inhibitor, nocodazole, at a dose almost 5 times higher than previously used to inhibit MT-dependent cell migration in zebrafish larvae (72) . Thus, it is suggested that acute treatment with cAMP or acidic water increases Na ϩ uptake by activating Na ϩ transporters (see below) already expressed on the apical membrane. On the other hand, it was recently reported that knockdown of miR-8 results in significant disruption of intracellular trafficking within HRCs (as demonstrated by conA-staining pattern). The same morphants exhibited significantly lower accumulation of Na ϩ green in HRCs following 2-day acid exposure. Although no causal relationship between disruption of conA stain and intensity of Na ϩ green staining was directly demonstrated, these observations indicate potential role of MT in osmoregulation during chronic acid exposure (13) .
cAMP acts through PKA to activate Na ϩ uptake. Although PKA initially was recognized as the sole mediator of downstream cAMP signaling, it was recently demonstrated that a second protein, "exchange protein directly activated by cAMP" (Epac), can initiate PKA-independent downstream signaling (9, 15) . Previous studies showed that Epac1 is expressed in the mouse proximal tubule and that its activation inhibited NHE3 activity similarly to PKA activation (17) by interacting with NHERF1 (40) . Interestingly, even for a common physiological endpoint, the mechanisms of cAMP signaling may be tissue-(and likely species-) dependent. For example, Murtazina et al. (40) showed that in ileum, the inhibitory effect of cAMP on NHE3 activity was abolished by pretreating the tissue with H-89, a commonly used PKA inhibitor, despite the presence of 5 . Effect of forskolin treatment in NHE3b morphants. Knockdown of NHE3b did not affect Na ϩ uptake in 4 days postfertilization (dpf) zebrafish larvae raised in control water. However, Na ϩ uptake, while stimulated, was significantly lower in NHE3b morphants following forskolin treatment (n ϭ 6; two-way ANOVA).
a,b Different letters denote significant difference between sham and morphants. *Significant difference between DMSO (vehicle) and forskolin treated groups. Fig. 4 . Effect of PKA inhibition on stimulation of Na ϩ uptake following acid exposure. Pretreatment with two commonly used PKA inhibitors, H-89 (A; n ϭ 16 -18; two-way ANOVA) and rp-cAMPs (B; n ϭ 5-7; two-way ANOVA) both attenuated the stimulation of Na ϩ uptake following acute exposure to acidic water, although the larvae still managed to elevate their Na ϩ uptake significantly. *Significant difference between control and acid-exposed groups. a,b Different letters denote significant differences between control and PKA inhibitor-pretreated groups. A number in parentheses indicates sample size for each group. Data are presented as means Ϯ SE.
Epac1 in this tissue. Very recently, BioLog introduced three new Epac inhibitors. However, our preliminary experiments with these inhibitors caused high mortality in larvae, especially during their exposure to acidic water. Because of the lack of alternative, more suitable tools to study the functional significance of Epac, the present study focused on the role of PKA. Treatment with two PKA inhibitors, H-89, and rp-cAMPs, demonstrated a significant role of PKA in mediating cAMPdependent stimulation on Na ϩ uptake by zebrafish larvae (Fig.  3) . That two PKA inhibitors with different modes of action (37) caused similar physiological response (although H-89 exhibited greater inhibition) strengthens the conclusion that PKA plays an important role in mediating cAMP-dependent signaling to stimulate Na ϩ uptake. However, further experiments with more specific tools for PKA inhibition, such as a recently introduced new class of photo-activatable morpholinos (50) targeting PKA, would provide better evidence. In addition, because of the lack of suitable inhibitors for Epac, whether cAMP acts solely though PKA (or also acts though Epac) in inducing Na ϩ uptake awaits future research. When zebrafish larvae were exposed to acidic water in the presence of PKA inhibitors, the stimulation of Na ϩ uptake was attenuated (Fig. 4) , suggesting that at least in part, the increase in Na ϩ uptake during acute exposure to acidic water is controlled by a cAMP-PKA signaling pathway. In agreement with this idea, whole body cAMP content significantly increased in larvae exposed for 3 h to acidic water (Fig. 7) . It is important to note, however, that the observed rise in whole body cAMP content likely reflects the rapid induction of multiple physiological signaling pathways in response to acid exposure, many of which would be occurring outside of ionocytes and thus not be directly related to ionic regulation. To better define the role of cAMP-mediated signaling in Na ϩ uptake, live imaging of cAMP at the level of specific ionocytes, using techniques such as fluorescence resonance energy transfer-based cAMP measurement (3, 68) would be helpful.
cAMP may regulate multiple Na ϩ transporters. Na ϩ uptake by zebrafish larvae could occur at either HR or NCC cells (12, 21) . The observed colocalization between conA (a vital dye for HRCs) and BODIPY-forskolin (Fig. 8) suggests that one mechanism of Na ϩ uptake being regulated by cAMP is occurring at HRCs. HRCs are known to express NHE3b and H ϩ -ATPase, both of which have been proposed to contribute to Na ϩ uptake (18, 30) . On the basis of the knockdown of NHE3b, the present study demonstrates that Na ϩ uptake via NHE3b is likely regulated by cAMP. This situation is in contrast to the effect of cAMP on NHE3b in mammalian tissues, where cAMP was shown to inhibit NHE3 activity (for review, see Ref. 1). Although the difference in the potential effects of cAMP on NHE3b between mammalian and piscine systems is interesting, an important difference is that in freshwater fish, because of thermodynamic constraints, Na ϩ uptake via NHE3b depends on other transporters and enzymes, most notably, an apical ammonia conducting channel Rhcg1 and carbonic anhydrase (26, 30, 36, 52) . Thus, the predicted increase in Na ϩ uptake via NHE3b in zebrafish larvae following forskolin treatment might be driven primarily by the stimulation of those other proteins required for NHE3b to function. Expressing zebrafish NHE3b in oocytes and measuring its activity in response to forskolin treatment could provide important insights as to whether cAMP could directly stimulate NHE3b in zebrafish.
Even after NHE3b knockdown, Na ϩ uptake was elevated in response to forskolin treatment (Fig. 5) . This observation suggests there is another Na ϩ uptake pathway controlled by cAMP. In gcm2 morphants, which lack HRCs (Fig. 6, A and  B) , forskolin treatment stimulated Na ϩ uptake (Fig. 6C ). These observations suggest that NCC (zslc12a10.2) might also be induced by cAMP. Although we observed that BODIPYforskolin also stained a MitoTracker-positive population of cells in addition to HRCs (Figs. 8 and 9 ), we could not directly demonstrate whether these cells are NCC cells because of our lack of suitable antibodies or vital dyes for this cell type. Identification of specific AC isoform(s) expressed on NCC cells, using double in situ hybridization against NCC and AC isoforms, and knockdown of such isoform(s) would strengthen the proposed regulation of NCC via cAMP.
On the basis of the available data, it is feasible that both NCC and NHE3b contribute to the stimulation of Na ϩ uptake during acute exposure to acidic water. The predicted role of NCC is of interest because we did not detect any inhibition of Na ϩ uptake by metolazone (an NCC inhibitor) treatment (30) . The potential difference in the proposed role of NCC in Na ϩ uptake during acid exposure is likely due to the difference in experimental protocol, as acid exposure (30) was Ͼ24 h as opposed to 2 h in the present study. Thus, potential involvement of transporters involved with Na ϩ uptake, including NCC, NHE3b, and Rhcg1 in Na ϩ uptake stimulation during acute acid-exposure would benefit from further investigation.
Although these results provide exciting new insights into the regulation of Na ϩ transport by cAMP, it is important to recognize two experimental limitations. First, because whole larvae were given waterborne treatment of forskolin, for the moment it is difficult to determine whether the observed effects reflect the direct action of forskolin on ionocytes (and activation of intracellular signaling), especially for NCC. Furthermore, as discussed previously (56, 57) , increases in tissue cAMP levels could reach supraphysiological levels. Indeed, following 10 M forskolin treatment, whole body cAMP content in zebrafish larvae rose by almost 30-fold (M. Tresguerres, Y. Kumai, and S. F. Perry, unpublished data), and an increase of similar magnitude was reported in a previous study (55) .
Perspectives and Significance
Despite its prominent role as a universal second messenger, the role of cAMP-dependent signaling on osmoregulation in FW fish is not well established. While the present study provides new findings implicating the presence of cAMPmediated signaling mechanism(s) capable of activating several Na ϩ transporters, it also raises a number of issues that need to be addressed such as 1) the relative roles of PKA and Epac in mediating cAMP-signaling, 2) whether specific isoforms of tmAC are involved in mediating cAMP-dependent uptake of Na ϩ , 3) whether the uptake of other ions (e.g., Ca 2ϩ and Cl Ϫ ) is controlled by cAMP, and 4) whether there is one or more functional analogs of sAC in zebrafish (or in other FW fish) playing a role similar to that in dogfish gill and mammalian kidney.
